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Summary 

As  part  of  an  ongoing  research  program  to  im¬ 
prove  the  aerodynamic  efficiency  of  rotors,  the  U.S. 
.Army  .Aerostrnctnres  Directorate  (ASTD)  conducted 
a  rotor  performance  investigation  in  the  Langley  14- 
hy  22-F'oot  Sub.sonic  Tunnel  using  a  0.27-scale  model 
of  the  .AH-64  .Apache  attack  helicopter  rotor  and  fuse¬ 
lage.  Two  sets  of  rotor  blades  were  utilized  and  in¬ 
cluded  btuseline  blades  modeled  after  the  current  op¬ 
erational  rotor  and  a  set  of  alternate  blades  with 
advancc'd-design  airfoil  .sections  and  taperrsl  plan- 
form.  The  purpo.ses  of  the  investigation  were  to  pro¬ 
vide  experimental  validation  for  the  rotor  design  pro¬ 
cedures  for  the  alternate  blades  and  to  provide  a  data 
basf'  for  evaluation  of  current  and  future  rotor  sys¬ 
tems  for  the  AH-64. 

•Aerodynamic  forces  and  moments  of  the  rotor  and 
b(jdy  were  measured  both  in  hover  and  at  forward 
speeds  from  50  knots  to  130  knots.  Rotor  thrust 
coefficient  in  hover  was  varied  incrementally  from 
0.001  to  0.0076  both  in  and  out  of  ground  effect  and 
at  tip  .Mach  numbers  of  0.64.  0.58.  and  0.51. 

The  results  indicated  that  the  design  of  the  al¬ 
ternate  rotor  was  validated  in  terms  of  power  sav¬ 
ings  over  most  of  the  range  of  thrust  and  forward 
speeds  investigated.  In  hover,  at  a  rotor  thrust  co¬ 
efficient  of  0.0064.  about  6.4  percent  less  power  was 
required  for  the  alternate  rotor  than  for  the  baseline 
rotor.  The  corresponding  thrust  increase  at  this  rep¬ 
resentative  hover  power  condition  was  approximately 
4.5  percent,  which  represents  an  equivalent  full-scale 
increase  in  lift  capability  of  about  660  lb.  In  forward 
flight,  the  improvement  in  torque  required  for  the  al¬ 
ternate  rotor  was  5  percent  to  9  percent  at  advance 
ratios  /i  of  0.15  and  0.20.  At  the  highest  speed  tested 
(/I  =:  0.30),  the  alternate  rotor  had  a  disadvantage  in 
rotor  torque  of  1.5  percent  to  2.5  percent  less  torque 
than  the  baseline  rotor.  The  deficiency  in  perfor¬ 
mance  is  probably  caused  by  the  effects  of  Reynolds 
number  and  by  differences  in  elastic  properties  at  the 
narrow  chord  blade  tips. 

Introduction 

Research  efforts  are  being  pursued  within  the 
government  and  industry  to  increase  overall  heli¬ 
copter  efficiency  and  help  meet  increasing  demands 
for  speed,  maneuverability.  paylf)ad.  and  range.  Ef¬ 
ficiency  of  the  main  rotor  is  one  area  in  which 
significant  improvement  has  been  achi(!vefi  (refs.  1 
to  7).  Irnprcwements  res\ilting  from  better  air¬ 
foils.  planff)rm  variations,  and  twist  are  incorporated 
into  many  rotors  usetl  on  helicopters  today.  These 
advancf'd  designs  are  the  results,  in  part,  of  the 


design  and  fabrication  flexibility  and  cost  effective¬ 
ness  of  composite  materials. 

As  part  of  an  ongoing  research  program  to  im¬ 
prove  the  aerodynamic  efficiency  of  rotors,  a  ro¬ 
tor  performance  investigation  w's  conducted  in  the 
Langley  14-  by  22-Foot  Subsonic  Tunnel  using  a 
0.27-scale  model  of  the  AH-64  attack  helicopter  ro¬ 
tor  and  fuselage.  Two  sets  of  rotor  blades  were  uti¬ 
lized  and  included  baseline  blades  modeled  after  the 
current  AH-64  Apache  rotor  and  alternate  blades  de¬ 
signed  by  the  Aerostructures  Directorate  (ASTD)  at 
Langley.  The  alternate  blades  were  designed  to  im¬ 
prove  performance  through  the  use  of  new  airfoils, 
derived  from  airfoil  research,  and  planforrn  taper  and 
twist  distributions  determined  from  rotor  design  pro¬ 
cedures  developed  by  ASTD  engineers  at  Langlev 
(ref.  1).  ^ 

The  ptirpose  of  this  investigation  was  to  provide 
experimental  validation  of  the  aforementioned  design 
procedures  and  to  provide  a  data  base  for  evaluation 
of  current  and  future  rotor  systems  for  the  AH-64. 
Comparison  testing  between  the  baseline  and  alter¬ 
nate  configurations  and  correlation  of  baseline  data 
with  flight  data  gave  added  confidence  in  measured 
rotor  performance  differences  betw'een  the  two  rotor 
systems.  A  similar  investigation  (refs.  2  and  3)  com¬ 
pared  a  baseline  rotor  with  another  ASTD-designed 
rotor  for  the  UH-1  helicopter  and  was  the  initial  val¬ 
idation  of  these  design  procedures. 

In  the  present  investigation,  rotor  and  body  forces 
and  moments  were  measured  in  hover  and  at  speeds 
from  50  knots  to  130  knots.  In  hover,  rotor  thrust 
coefficient  Cf  was  varied  incrementally  from  0.001 
to  0.0076  both  in  and  out  of  ground  effect  (IGE  and 
OGE)  and  at  rotor  tip  Mach  numbers  Mnp  of  0.64. 
0.58,  and  0.51.  Performance  in  forward  flight  was 
obtained  from  thriist  sweeps  at  three  forward  speeds. 
Rotor  shaft  angle  of  attack  a.s  was  varied  at  each 
advance  ratio  p  to  cover  a  range  of  rotor  propulsive 
forces. 

The  hover  results  are  comparcrl  and  discussed  in 
terms  of  rotor  torque  coefficient  Cq  and  rotor  figure 
of  merit  EM  as  a  function  of  Cf.  The  forward- 
flight  results  are  given  in  terms  of  rotor  lift,  drag 
and  torque  coefficients,  and  lift-drag  ratio  (L/D),  . 
The  effects  of  A/op  and  ground  proximity  on  hover 
performance  are  presented  and  di.scussed.  Fuselage 
download  as  a  function  of  rotor  thrust  for  both 
rotors  is  presented  and  discussed  and  comparisons  of 
model  rotor  data  with  predicted  and  full-scale  flight 
results  are  made.  Reynolds  number  effects  on  the 
performance  of  the  alternate  rotor  arc'  also  discussed. 


Symbols 

Data  in  this  report  arc  presented  in  coefficient 


form  and 

are  referenced  to  the  shaft-axis  system 

shown  in 

tig\ire  1. 

Cd 

rotor  drag  coefficient.  D j pir R~ 

Cl 

rotor  lift  coefficient.  L/ fmR^{i'lR)^ 

^'q 

rotor  torejue  coefficient.  Q/fmR'\QR)^ 

Cl 

rotor  thrust  coefficient,  T j fmR-{VlR)^ 

(• 

t)lade  chord,  ft 

thrust-weighted  equivalent  blade 

t, 

D 

rotor  drag  force,  lb 

d 

rotor  diameter.  12.96  ft 

FM 

c:‘ - 

figure  of  merit.  0.707 

/ 

equivalent  flat-plate  drag  area,  ft^ 

H 

height  from  centerline  of  rotor  hub  to 
floor,  ft 

IGE 

iti-ground  effect 

L 

rotor  lift  force,  lb 

(L/D), 

ecpiivalent  lift-drag  ratio.  - 

^ 

-U.ip 

tip  ,\Iach  number  for  rotor  advancing 
blade 

Rc'vnolds  number,  Vc/u 

o(;e 

out-of-gnmnd  effect 

Q 

rotor  trjrque.  ft-lb 

li 

rotor  raflius.  6.48  ft 

r 

local  radius,  ft 

SL.S 

sea-lev('l  standard  atmospheric  density 
(  ondil  i<jns  at  59°  F 

T  thrust,  Ibf 

V  frce-streain  velocity,  ft /sec 
x.  y,  z  Cartesian  coordinates 

Y  rotor  side  force,  Ibf 

or.s  angle  of  attack  of  rotor  shaft,  deg 

o-fpp  angle  between  rotor  disk  and  free- 

stream  velocity  (positive  nose-up),  deg 

p  advance  ratio,  V/ilR 

y  kinematic  viscosity  of  air. 

L.'jS  X  10"  ’  ff^/sec 

f)  local  density  of  air,  slngs/ft'* 

a !  thrust-weighted  solidity.  4c,  /tt/? 

rotor  angular  velocity,  rad/sec 

Apparatus  and  Procedure 

The  investigation  was  conducted  in  the  Langley 
14-  by  22-Foot  Sub.sonic  Tunnel.  The  experimental 
hardware  included  (1)  the  general  rotor  model  sys¬ 
tem  (GRMS)  of  the  Langley  Research  Center.  (2)  a 
0.27-scale  rotor  hub  dynamically  scaled  from  the  AH- 
64  hub,  (3)  a  set  of  0.27-scalc  baseline  rotor  blades 
scaled  geometrically  and  dynamically  from  the  AH- 
64  main  rotor  blade.  (4)  a  set  of  0.27-scale  ASTD- 
designed  (alternate)  rotor  blades  that  were  designed 
to  be  as  dynamically  similar  to  the  baseline  blades  as 
possible,  and  (5)  a  0.27-scale  model  fuselage  scaled 
from  the  AlI-64.  Pertinent  details  of  the  test  facility, 
model  hardware,  and  rotor  design  considerations  are 
contained  in  the  sections  that  follow. 

Tunnel  Description 

The  Langley  14-  by  22-Foot  Subsonic  Tunnel  is  a 
closed-circuit,  single-return,  atmospheric  wind  tun¬ 
nel  with  a  test  section  that  is  14.5  ft  high,  21.75  ft 
wide,  and  50.0  ft  long.  The  wind  speed  is  variable 
from  0  to  200  knots  and  can  be  operated  in  a  vari¬ 
ety  of  configurations  closed,  slotted,  partially  open, 
and  open.  In  the  partially  open  test-.section  con¬ 
figuration,  the  floor  remains  in  place  and  the  tun¬ 
nel  is  open  only  on  the  sides  and  top.  During  the 
present  investigation,  tlie  open  test  section  was  used 
for  hover  testing.  The  floor  was  lowered  6.75  ft  to  ol>- 
tain  ground  clearance  for  the  OGE  {H /d  =  1.4)  por¬ 
tion  of  the  test.  Figure  2  is  a  plan  view  of  a  portion 
of  the  floor  area  that  was  lowered  during  hover  test¬ 
ing  relative  to  the  rotor  disk  area.  For  forward  flight. 
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(lata  wc'fo  obtained  witli  tlie  test  sc'ction  elosed. 
A  farther  description  of  the  tnnnel  is  availabk  in 
r('ference  cS, 

Tlie  model  was  supportt'd  by  a  t hrcH'-joint  sting. 
This  sting  allowed  pitch  and  yaw  positioning  to  as 
niiicli  as  ±-4.5“  <d)ont  a  fi.xc'd  point  in  the  model,  so 
that  the  rotor  remaiiu'd  on  the  tnnnel  test-s('Ction 
centerline.  The  sting  was  monnted  on  a  model  snj)- 
port  system  that  allowed  height  variation  (0.43  < 
Hid  <  O.t^T)  with  the  floor  in  [)lace  as  well  as  .some 
additional  i)itch  and  >aw  control.  For  tlie  forward- 
flight  t('sts.  tlu'  rotor  center  of  rotation  was  posi- 
tioiH'd  on  the  tnmu'l  centmline,  ()..5(i  rotor  diamet('r 
aho\'e  the  Hoor. 

The  tnnnel  data-ac()nisitiou  system  rc'corded  tnn¬ 
nel  operating  conditions,  atmosphr'i'ic  conditions, 
and  niod('I  jiarameter  measurements.  The  data  rt'- 
dnction  procedure  inclnded  corrections  for  wind- 
tnnnel  wall  c'fh'cts  that  adjusted  the  tnnnel  dynamic 
jiressnre  and  How  angularity  in'  the  method  (h'scribed 
in  reference  9. 

Rotor  System 

Th('  general  rotor  model  systtmi  (GR.MS)  of  the 
Langley  Research  Center  is  a  fully  iiistrnnu'ntc'd 
rotor-drive  system  which  can  be  contignrr'd  for  a  wide 
\'ari('ty  of  rotors  (refs.  10  to  11)  and  consists  of  two 
90-hi)  eh'ctric  motors,  a  transmission,  and  cyclic  and 
colU'ctive  controls.  .A  ma.Kimnm  nsable  horsepowt'r  of 
about  100  was  available  during  this  test  as  a  result 
of  transmission  gearing  considerations.  The  rotor 
and  power  train  are  inonnti'd  and  suspended  within 
the  CRMS  on  a  gimbal  that  inclndes  pitch  and  roll 
springs  and  adjnstabk'  dampers.  Figure  3  is  a  sk<'teh 
of  tlu'  .AiI-<)4  mode!  mount e(l  on  the  CRMS,  and  fig¬ 
ure  4  is  a  photografih  of  the  model  attaela'd  to  the 
CR.MS  and  installed  in  the  tunnel. 

Two  si.x-component.  strain-gagc'  balances  were 
mi'd  f((r  this  test.  One  support(  d  the  fu.selage  shell, 
and  the  other  su()ported  the  rot(tr  system,  includ¬ 
ing  the  actuators,  electric-drive  motors,  and  trans¬ 
mission.  Rased  on  balanci'  design  specifications,  the 
rotor  balance  data  are  accurate  to  ±0.000003  for 
C'q  and  ±().()0002  for  L’y  and  re[)re.s(’nt  O.-a  per¬ 
cent  of  full-balance  load.  How^evc-r.  pr('vious  test¬ 
ing  has  deimmst rated  an  aectiracy  (jf  0.2  {XTcent  (jf 
full-scak'  balance  load.  The  fuselage  balance  had  tlie 
same  accuracy  level.  The  effects  of  deadweiglit  tares 
were  removed  in  all  ca.ses.  and  the  aerodynamic  hub- 
drag  tare  was  removed  prior  to  tlie  computations  of 
(LID], .  Rotor  rotational  speed  and  rotor  a/imutha! 
position  were  measured  by  an  optical  tachometer  and 
Irigg.  r.  Rlade  flapjung.  feathering,  and  control  an¬ 
gles  were  monitored  and  recorded.  Ten  channels  of 


blade  strains  and  one  channel  of  pitch-link  strain 
were  al.so  monitored  and  recorded. 

Rotor  Hub 

The  model  hub  (fig,  5)  Wius  dynamically  scaled 
and  has  the  pertinemt  features  of  th('  full-scale  hub. 
A  detailed  description  of  the  design  and  development 
of  the  hub  is  presented  in  reference  12.  The  hub  is 
fully  articulated  and  features  the  multilayered  strap 
retention  system  and  elastomeric  lead-lag  dampers 
on  either  side  of  the  pitch  ciLses:  the.se  features  are 
unique  to  the  full-scale  hub.  The  jiitch  case  encloses 
the  straps  and  transmits  the  k'atheriug  input  to 
tlie  blade.  .As  with  the  full-scak'  hub.  the  k'ad-lag 
motion  of  tlu'  black'  takes  jilace  through  a  fitting  that 
coniu'cts  tcj  the'  outboard  end  of  the'  pitch  civ.se.  thc' 
blade,  and  the  Ic'ad-lag  damja'is. 

Blades 

Figure  h  is  a  plan  view  that  shows  kc'v  piiram- 
eters  of  the  model  black's.  The  baseline  black'  had 
a  linear  twist  of  -9°.  a  lU..5-perct'nt-thick  cambered 
Hughes  Helicoivtc'rs  (HH-02)  iiirfoil  from  the'  root  to 
the  0.943  black'  radius  statical,  and  a  20^-svvc'pt  tij) 
that  includc'd  a  linc'ar  transition  to  an  .X.AC’A  64A0()fi 
airfoil  at  the  blade  tip.  The  altc'rnate  blade  Inid 
a  linear  twist  of  -12°.  an  incr('a,sc'd  inboard  chord 
of  7.17  in.,  and  a  .5-to-l  [vlanform  taper  frean  the 
0.8  blade  radius  station  to  the  tip.  Both  rotors  had 
a  tlirust-wc'ightc'd  solidity  of  0.0928.  Thrc'c'  airfoil 
sections  dc'veloped  at  the  ASTD  for  rotorcraft  ap¬ 
plication  wc're  utilized  on  the  altc'rnate  rotor.  The 
RC(3)-08  and  RC(3)-]0  airfoils  are  dc'.scribed  in  ref- 
c'rc'iice  13.  The  data  that  describe  the  modified 
RC(3)-10  airfoil  arc'  unpublished. 

The'  blades  were  fabricated  from  ecanpositc'  ma- 
tc'rials  to  mc'c't  the  demanding  requirernc'nts  of  dy¬ 
namic  similarity  and  Mach  number  scaling.  Details 
of  the  dc'sign  and  development  of  thc  baseline  blades 
arc'  available  in  reference  12.  The  alternate  black's 
were'  designed  and  developed  using  similar  meth¬ 
ods  and  materials.  Typical  materials  included  foam, 
balsa,  nomex  honeycomb.  fibcrgla.s.s.  S  glass.  Du  Pont 
Kevlar,  graphite  fiber,  epoxy,  and  tungsten  balance 
weights. 

The'  accuracy  of  the  contours  of  both  lilade  sets 
was  held  to  ().0()5  in.  or  le.ss.  Strain  gages  were  in¬ 
stalled  in  depressions  on  the  blades;  these  depressions 
were  then  filled  and  smoothed.  Wire's  were  run  in¬ 
side'  conduit  that  was  mokk'd  into  tlu-  black's  to  hc'lp 
maintain  a  smooth  outer  surface'. 

Blade  spc'cirnens  w'c'rc'  fabricatc'd  and  c'valuatc'd  to 
obtain  correctly  scaled  ma.ss.  stiffnc'ss.  inc'rtia.  and 
balance  projx'rt ic's,  Root  specimens  for  both  blade 
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>(‘t>  wi'ic  tcstcil  tu  failure  \o  estal)lisli  structural 
iutt\i!,rity. 

rile  haseliiie  blade  structural  and  dyiiaiuic  i)rt)p- 
erlies  are  [ueseiitecl  in  refereiici'  12.  An  effort  was 
made  to  jireserve  the  full-si-ale  dyuaiuic  properties  in 
both  sets  of  model  blades,  but  t  lu're  were  diliiculties 
in  the  tij)  reyioii  with  the  alternate  blades.  The  titpi'r 
at  the  tip.  in  conjunction  with  the  inodt'l  scale,  rc'- 
sultecl  in  dimensions  in  the  tip  rt'yion  tlnit  yielded  in- 
sullicieut  \dlutue  to  accurately  model  tna.ss  ;uid  stiff¬ 
ness  eliaracterist  ics.  l  lie  model  rotor  blade  wt'i;>;hl 
as  a  function  of  blade  radius  is  presented  in  liffttn'  7 
for  till'  baseline,  alternate,  and  full-scale  bladt'S.  The 
data  in  t  hi'  tiyiire  that  were  scaled  to  match  full  scale 
were  taken  from  the  manufacturer. 

file  predicte<l  performance  tor  the  altevtiate  bhuU' 
dcsiyn  was  about  7  percent  better  than  for  the  ba.se- 
liuc  contiyurat  ion  in  power  re<|uired  for  hover  ;ind 
2  to  h  percent  lietter  in  power  ri'iiuirt'd  for  forward 
lliyht  I  tiy.  ^).  I'lie  prediction  method  for  hover  per¬ 
formance  was  a  l.au<;le\’-de\'eloj)ed  moment  uin  blade- 
element  anal\'sis.  and  the  forwiird- flight  prediction 
tnetliod  Used  was  (,’^l  (ref.  1  1). 

Fuselage 

file  fuselaye  was  sctileil  from  the  liight  configu¬ 
ration  excejit  for  the  tail  boom,  which  retiuired  a 
constant  diameter  large  enough  to  accommodatt'  the 
sting  (tig.  -W.  Because  of  fouling  probhuns  between 
the  sting  and  tail  boom  during  the  tt'st.  the  por¬ 
tion  of  the  fuselage  from  the  tail  boom  jimcttire  rear¬ 
ward  was  not  metric  (connected  to  a  st rtiiii-gage  bal¬ 
ance)  as  indicated  in  figure  2.  The  horizontal  ;uid 
\ertieal  tails  were  not  utilizeil  during  this  t(>st.  All 
configurations  included  Hi  wing-mounteil  modt'l  mis- 
sili's.  e.\-ce|)t  duritig  a  portion  of  the  rotor-off  ti'sts. 

The  fuselage  shell  ;ind  t;ul  boom  were  made  from 
fiberghiss-epo.w  material.  The  wings,  indons.  missile 
tacks,  missiles,  horizontal  ;md  \-ertic;il  stabilizer,  and 
landing  gear  were  machitieil  from  wood  ;md  metal. 

Tf'st  Procedures 

bests  were  conducte<l  in  hover  ;ind  ;it  forward 
speeds  lor  both  sets  of  blades.  Hover  testing  wiis 
eondiicteil  in  and  out  of  ground  effect:  tin'  rotor  shaft 
was  \ertical  atid  resulted  iti  ;i  a“  nose-up  fnselagt' 
angle.  I'orward-siieed  tests  were  condticleil  from  .70 
to  bill  kttots  for  both  rotor  sets. 


In  hover,  performance  data  were  taken  with  val¬ 
ues  of  H/(l  from  O.l.'i  to  1.4  to  investigate  the  effects 
of  ground  proximity  on  performanct'.  The  model 
support  structure  prevented  testing  to  H/d  ~  O.liO 
with  the  wheels  on  tht'  ground.  As  discussed  previ¬ 
ously.  the  wind-tuuuel  test-;ecti(jn  walls  and  ceiling 
were  niised.  tuid  tlu-  floor  w;is  lowered  wlit'ii  testing 
in  hover  for  the  out-of-ground-effect  conditions  and 
resulted  in  H/d  —  1.4.  The  p<'rformancc  of  both  ro¬ 
tors  was  evaluated  at  rotor  blade  tip  .Mach  numbers 
of  O.til.  ()..78.  and  ()..')1.  These  tij)  sjx'eds  represented 
model  rotor  rpni's  of  1(170.  003.  and  8.70.  respectively. 

Clround-effi'ct  data  for  hover,  including  fuselage 
download,  were  obtained  with  the  wind-tunnel  test 
sc'ction  in  th('  [tartially  optm  configtiration  (sidc-- 
walls  and  ceili’'g  raised  and  floor  in  ])!ace).  Begin¬ 
ning  with  lh('  floor  in  plac('  and  th('  model  at  the 
maximum  height  permitt('d  bv  the  su|)|)(jrt  system 
{H/d  =  0.87).  i)ower  was  maintainc'd  at  a  constant 
tortjue  coetficic'iit  sc'tting  {Cq  ~  0.00048).  and  the 
mod(4  w;is  lowc'ied  in  increments  until  tin'  lowc'st 
height  pt'rmittt'd  by  tin'  suitport  systetn  w;i.s  n'acln'd 
(WA/  =  0.43). 

.At  forward  speeds,  better  flow  (|uality  in  tin- 
test  .section  was  maintained  by  testing  in  tin-  closed 
t('st-s('ction  configurciticjn.  A  vitltie  of  H/d  of  0..70 
was  maintained:  this  value  ithict'd  the  rotor  disk 
•at  the  ttuuiel  vertical  centerVun-.  .An  analysis  of 
corrections  dm-  to  wall  '  fh-cts  indicatt-d  that  this 
In-ight  resultt'd  in  minimum  wall  and  support-system 
flow  intf-rference.  Rotor  lift  variations  were  made 
at  advancH'd  ratios  //  of  0.17.  0.20.  <unl  0.30.  At 
(-ach  vahn-  of  //.  three-  angles  of  attack  o.v  wt-re- 
t('st('d  to  ])rovid('  a  variation  in  rotor  itropulsive- 
force.  Rotor  late-ral  and  longitudinal  flapping  witii 
re-spe-ct  to  the  shaft  we-re  maintaiuefl  at  0^'  to  vf-duce 
rotor  hub  vibratory  loads.  The  data  we-re  analy/.e-d 
and  {)lott(-(i  in  terms  of  rotor  drag  ('(n-fficie-nt  vi-rsus 
torcpie  co('fficient  at  constant  k-ve-ls  of  rotor  lift .  .Akso. 
the  (lata  we-re  analyze-d  in  t(-rms  of  rotor  (L/D),  as 
a  function  of  both  rotor  Cy  and  //. 

Sinc(-  the  model  hardwan-  was  ik-w  and  unpro'e-n 
und(-r  operating  conditions  in  tla-  ttuuK-l.  a  conserva¬ 
tive-  te-st  uiiitrix  was  sele-cte-d.  The  thrust  and  six-e-d 
conditions  tested  were  below  the-  thrust  and  sja-e-d  ca¬ 
pability  of  the  full-scale-  AH-Gl.  Examination  of  flight 
(lata  showe-d  that  forward  spe-e-ds  to  about  200  knots 
(diving  flight)  and  rotor  thrust  coe-fficie-nts  to  0.0092 
(hover:  OCIE)  we-re-  re-ache-d  fey  the-  .AH-fil, 
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Presentation  of  Results 


Th(’  (lata  an'  prc'sentc'd  as  outliiu'd  in  the  tahl(‘  Ix'knv: 
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Results  and  Discussion 


Hover 


The  hover  perforniance  rc’sults  for  the  baseliiu' 
and  alt('rnate  rotors  are  eon)i>ared  in  terms  of  Cq  ver¬ 
sus  C'l  and  FM  versus  Cj  at  A/,jp  =  0.04  (100  per¬ 
cent  rpni)  in  figure's  9  and  10.  rt'speictively.  The 
alternate'  rotor  re'eiuire'd  a  lowe'r  Cq  (less  power  re- 
(juire'd)  for  a  give'ii  value  of  C'j  in  the'  range  abejve 
0.002  (fig.  9).  The  sea-l('V('l-standard  (SLS)  thrust 
eonditieui  C y  for  the'  full-scale'  helieopte'r  at  a  normal 
(({(('rational  we'ight  of  14  667  lb  is  0.0064.  As  seen  in 
the  figure',  for  that  thrust  condition.  af)out  6.4  {)er- 
ce'tit  less  [)ower  was  ne'e'rle'fl  for  the  alte'ruate'  rotor 
than  for  the'  base'line'  rotor.  The'  threist  increase  at 
Cq  %  0.00049.  rorr('S()on(rmg  to  the'  aircraft  weight  of 
1  1667  lb.  was  a{){)roximatf'lv  4.5  ((erceiit.  which  rep- 
re'sf'nts  an  incre'ase  in  lift  ca{)ability  of  abejut  660  lb 


at  that  vehicle'  weight.  Spe'cifically.  the  advantage  in 
Cq  for  the  alternate  rotor  as  measured  from  figure  9 
was  5.7  {(('re'cnl.  6.2  percent.  5.1  pe'rcent.  and  3.7  per¬ 
cent  at  Cj  =  0.0050.  0.0060,  0.0070.  and  0.0073.  re- 
.s{)ectively.  A  value  of  Cj  =  0.0080  correspemds  to  a 
full-scale  weight  of  14  667  lb  at  4000  ft  and  95°F  and 
was  close  to  the  highest  tluust  tested  at  A/tip  =  0.64 
for  the  alternate  rotor.  The  4000-ft,  95°F  condition 
is  an  im{)ortant  eh'sign  criterion  for  Army  helicopters 
to  ensure  adeepiate  operatienial  ((('rformance  under 
liot-day.  high-altitude  conditions. 

As  .se'en  in  figure'  10.  the  improvement  in  P'M  for 
the  alternate  rotor  was  re'duce’d  from  6.4  perce'iit  at 
SLS  to  5.4  perce'ut  at  Cj  ~  0.0073.  which  is  near 
‘h('  p('ak  FM  teste'd  for  the'  baseline'  rotor.  The 
calculated  design  goal  of  a  7-perc('nt  improvement  in 
hover  prewer  reeiuire'd  (fig.  7)  for  the  alte'ruate  rotor 
was  nearly  met . 
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Effects  of  Tip  Mach  Number 

Hover  p('if()riiian''e  data  Dhtained  by  tisiiif>  iden¬ 
tical  t('St  teeliiii<iiies  at  A/pp  =  O.aS  (!)()  percent  r[)in) 
and  (l.al  (80  pere('iit  rpm)  are  f^ivc-n  in  figures  11 
to  11.  Kxatnitiat ion  of’ t liesi' data  in  eonjunetion  with 
the  data  of  figures  !)  and  10  =  d-bl)  n'vi'aleil 

two  trends  worthy  of  note  as  rotor  tip  Mach  nninl)('r 
was  redne('d.  First,  t  lu' perfbrinanee  inipioveinenl  for 
tile  alternate  rotor  in  terms  of  FM  at  Cj  =  O.OOhl  is 
reduced  from  (i.  I  peixa'iit  at  M /  =  0.(i  1  to  '2.8  peret'ut 
at  .U|jp  =  O.al  (eom])ar('  figs.  10  and  11).  Second, 
both  rotors  aehie\'ed  higher  \’alnes  of  F.\l  at  rednec'd 
.1/, jp.  rh('  jx'ak  \alue  of  F.\I  for  the  alti'rnate  ro¬ 
tor  was  0.80,  0.7!).  atid  0.78  at  .U,ip  —  0.51.  0.58. 
and  0.01.  r('S])eet  ivel\'.  .\l.so,  a  crossover  in  the  jx'r- 
fornianee  enr\-es  a.t  the  lower  thrust  eoidfieieiits  oe- 
enrr('d  below  a  usable  flight  operational  U'vel.  For 
('xainple,  at  .U,jp  =  0.51  (fig.  1  1).  tiu'  curves  cross  at 
Cj  ^  0.00  17.  Similar  trends  have  been  observed  and 
report('d  in  referemx's  15  and  10.  Six'eifieally.  thi' 
increase'  iti  F.\l  with  re'dneed  .Upp  and  t he  crossover 
of  F.M  ;tt  low  \alnes  of  (' i  with  rt'dneed  .^Ajp  ttgree 
with  results  reporte'd  iti  reference  15. 

The  reduced  performance  betwee'ii  the  itltt'rimte 
and  baseline  blades  as  a  fntiction  of  .\/tjp  <ire  not 
eompli'tely  understood  at  present,  but  the  effect  of 
is  lik‘'!y  to  be  one  of  the  htetors.  F'or  e.xain- 
ple.  the  iulvauced  rotor  had  a  blade  tip  chord  of 
1,  Id  in.  find  a  ho\'er  tii)  siteed  of  727  ft/sec:  tlu'se 
factors  resulted  in  a  tip  Heynolds  nniiiber  of  about 
0.5  x  10*’.  Ltirge  clnitiges  in  aerodymunic  clniracter- 
istics  are  known  to  occur  in  this  range.  By  compar¬ 
ison.  the  tip  Heynolds  number  For  the  model  ba,s('- 
line  blade  iti  hos'cr  is  aliont  2.2  x  10*’  at  a  rotor  tip 
sjieed  of  727  ft  .'sec.  Similar  results  were  observed  in  a 
model  rotor  test  (ref.  10)  with  rotor  blades  tlnit  had 
a  5:1  iilanform  tip  taper.  .Another  factor  that  has 
perha])s  ati  e\en  larger  effect  on  rotor  aerodynamic 
performance  is  blade  elastic  [iroperties  (ref.  17).  One 
eoncinsion  in  icference  17  indii'ated  that  .Vp,,  effects 
may  be  minor  in  rotor  aerody iiainic  testing  com[)ared 
with  (he  ('ffect  of  blade  elastic  properties  (dynami- 
caliv  S(-aIefi  rotor  blades  versn.-.  "rigid"  blad('s). 

Fuselage  Download 

.Accurate  [irediction  of  hover  perforinatice  loss 
due  to  fuselage  download  is  still  a  difficult  design 
problem,  d  he  measured  fuselage  download  for  froth 
rotors  at  ///d  -  1.1  atid  at  .f/op  =  O.fi-l  is  given 
in  figure  15  as  a  function  of  rotor  thrust.  The 
fuselage  configuration  included  wings  and  16  wing- 
mounted  tnodel  missiles.  A  simill  iticrea.se  in  fii.selage 
download  was  measured  for  the  altertiafe  blade  over 
a  thrust  range  of  250  to  1250  lb.  It  was  expected 
that  the  dowidoad  from  the  alternatr-  rotor  would  lx- 


great t'f  than  from  the  biuseline.  since  the  alternate 
design  called  for  inert'ased  inboaro  loading  (higher 
twist:  moil'  blade  area,  inboard).  .At  a  rotor  thrust 
of  1070  lb  [Cl  —  0.0061)  :.  increa.se  in  fuselage 

download  I'quivalent  to  about  0.5  percent  of  the 
total  rotor  thrust  was  measured  for  the  alternate 
rotor  (fig.  15).  When  this  increa.se  in  download  is 
subtracti'd  from  tlii'  thrust  gain  for  the  alternate 
rotor  (tig.  0).  a  net  performance  gain  of  1.0  percent 
thrust  at  C[  =  0.0061  i.■^  rerili/.ed. 

The  download  measured  for  the  baseline  rotor 
was  nominally  5  to  6  percetit  of  ri^'.or  thrust  for  a 
typical  hover  thrust  condition  (F'/  =  0,0061).  dail- 
booni  download  calculations,  ba.sed  on  rotor  wake 
velocity,  vertical  drag  coefiicient ,  and  tail  boom  ari'a. 
indiciited  that  the  titil-boom  contribution  increases 
download  by  an  additional  0.5  [lercetit.  Biised  on 
measurements  obtaitied  during  this  investigation  and 
on  results  from  similar  investigations  (ri'fs.  15  and 
18).  the  download  results  ari'  reasonable. 

Ground  Effects 

The  effi'ct  of  the  ground  pri'sence  on  thi'  hover 
pi'rformance  of  both  rotors  is  given  in  figure  16  in 
ti'rms  of  C'l  versus  H/d  tit  Cq  =  0.00048  (notninal 
vidue).  Fuselagi'  downloiid  was  not  sulitracted  from 
rotor  thrust  in  these  data.  Thi'  restilfs  indictife  that 
ground  effect  on  the  performance  of  both  rotors  is 
virtually  equal  till'  largt'st  diffi'rerice  is  le.ss  than 
0.5-p<'rcent  rotor  fhrtist  at  H/d  =  O.  IO  (wheels  about 
6  ft  above  the  ground  at  full  scale). 

Cround  effects  on  fuselagi'  download  were  mea¬ 
sured  and  aiiidyzed.  .As  height  was  reduced  from  H/d 
=  1.1  to  H/d  =  0.45.  there  was  a  reihiction  in  fuse¬ 
lage  download  (-75  lb)  of  apjiroxiniately  the  same 
magnitude  as  the  iticrease  in  rotor  thrust  (4-65  lb). 
.Approximately  one-half  of  the  total  positive  ground- 
effect  cushion  exiierienced  by  the  model  was  therefore 
generated  by  changes  in  fuselage  vertical  force:  the 
remainder  of  t  he  ground  cushion  can  be  attribtited  to 
the  more  familiar  rotor  thrust  ctishion.  Specifically, 
the  fu.selage  vertical  load  witli  either  the  ba.seline  ro¬ 
tor  or  the  alternate  rotor  itist.dled  changed  from  a 
download  at  fj/d  =  1.4  to  an  upload  id  H/d  =  0.15. 
These  effects  on  helicopter  fuselage  do'.vt.load  as  !i 
function  of  height  are  consistent  with  previously  pub¬ 
lished  results  (refs.  15  and  19).  .Also,  the  ground  ef¬ 
fects  on  the  performance  of  the  complete  model  were 
in  agreement  when  compart'd  with  flight  data  iuid 
calcuhdeil  results  (ref.  20). 

Forward  Flight 

Rotor  lift  itariations.  Incremental  rotor  lift 
variations  for  the  idteriiide  and  basi'line  rotors  were 
performed  (fig.  17)  at  ft  =  0.15  (65  knots).  0.20 
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(86  knots),  and  0.60  (KJO  knots).  Tlu'  lift  varia¬ 
tions  worn  made  at  three  \alues  of  o,.,  to  vary  tlu' 
rotor  drag  force  at  each  vahie  (jf  //.  Data  were  not 
ohtaiiK'd  t)elow  //  =  O.la  hecans('  of  tin'  excc'ssively 
large  tunnel  wall  correction.s  that  were'  rerinired.  At 
each  valiK’  of  //.  the  results  from  hoth  rotors  an'  coin- 
jiared  in  terms  of  rott)r  drag  coefficient  C I'/joj  versus 
rotor  tt)r(iue  cot'fficient  for  three  levels  of  ro¬ 

tor  lift  coefficient  C;  jn-y.  The  variation  of  C;  / 177- 
iinestigated  repre.sc'nts  a  range-  in  full-scale  aircraft 
weight  from  approximately  10  600  Ih  to  16000  Ih  at 
SLS  atmospheric  conditions.  Figure-  17  shows  crejss- 
ple>ts  of  CyjfTj  versus  C[)/fT-i  anel  Ci/a-y  v-e-rsus 
CqIoi  .  This  methejel  pe-rmits  CqIhj  compariseeiis 
be-twe-cn  the  twee  reeteu’S  te)  he  niaele  at  exinstant  val¬ 
ues  of  C'[  /n-y  anei  rotor  j)ro[)ul.si\-e-  force. 

.\t  /i  =  O.lo  (fig.  17(a)).  the  alternate  re)te)r  hael 
a  lowe-r  reeiuire-el  value-  e)f  CQ/rry  than  the  base-line- 
rotor  over  the-  e-ntire  range  ejf  C/j/eTy  iiwestigate-el 
anel  for  each  of  the  tlire-e  C yj rr-y  ce)ue!itie)ns.  The 
re'duction  in  CqIctj  recpure-el  for  the  alternate  rotor 
was  nominally  6  tee  8  percent  ewe-r  the  e-ntire  range  of 
lift  and  ()re)i)ulsi\-e'  forces  iuve-stigate-el. 

•At  //  =  0.20  (fig.  17(b)).  Cqlrry  requircel  for  the 
alte-ruate  rehor  was  nominally  5  to  9  pe-rce-nt  le-ss  than 
for  the-  base-line-  rotor  o\'e'r  the-  range-  e)f  lift  anel  drag 
iuve-stigate-el.  The-  improveme-nt  in  Cqlrry  for  the 
alte-rnate-  rotor  was  8.7  i)e'rce'nt  at  a  Cy/ay  =  0.073 
anel  Cp/rry  =  -(1.0033.  This  leve-l  of  impreweruent  is 
api)roximafe-ly  the-  same-  as  that  given  in  the-  prc\-ie)us 
elise-ussion  feer  ft  =  0.  b'). 

.At  ft  =  0.30  (fig.  17(e-)).  Cqlay  re-eiuire-el  fe)r  the 
alternate-  reitor  was  1  .a  tei  2.-')  pe-rce-nt  highe-r  than  feer 
the-  base-line-  lOteir  ove-r  the-  range-  erf  lift  and  elrag  in- 
vi-stigate-el.  .At  this  value-  of  ft.  the  calculated  de-sign 
goal  lor  the-  alte-rnate-  roteir  e)f  a  (re-rformance  aelvan- 
tage-  of  2  pe-re-e-nt  eeempare-el  with  the-  baseline  was  ne)t 
me-t.  .A  portion  of  the-  ire-rfermiane'e-  elisadvantage  ferr 
the-  alte-rnate-  reetor  eemlel  have  be-e-n  eause-el  by  erpera- 
tieeii  at  suberil ie  al  Me-ynerleis  numbers  in  the  rerterr  tip 
re-giein.  Diffe-re-nee-s  in  e-hustie-  preepe-rtie-s  in  the  blaele 
tip  re-gieai  eeeulel  Inue-  be-e-n  anerther  contributing  fae-- 
te)r.  The-  narreew  eherrel  tip  (1.43  in.),  createel  by  berth 
sealing  aini  de-sigjj  (.7  ter  ]  tip  ta[)e-r  ratier).  re-sulte-el 
in  a  re-fre-ating  blaele-  tip  with  .Vp,,  —  0.373  x  10*’ 
at  ft  '  0.30.  Large-  suberitical  Re-ynerlels  number 
e-ffe-ets  eeriilel  erccur  at  numbers  in  this  range.  At 
ft  =  O.b'i.  the-  Re-yuerlels  number  at  the  retre-ating  tip 
eif  the-  alte-rnate-  rerterr  was  0.468x  10^’.  13y  cornparisern. 
the-  ba.se-line-  rotor  hael  re-tre-ating  blaele  tif>  Re-ynolds 
nurnbe-rs  erf  1.18  x  10*’  anel  1.86  x  10*’  ferr  //  =  0.30 
anel  ft  -  O  b'),  re-sire-e  tive-ly.  Airferil  elata  taken  erver 
file-  range-  erf  I?e-ynerle|s  uurnbe-rs  of  intere-st  we-re-  not 
available-  ter  eerrre-e  t  the-  [re-rferrmance  elata. 


•At  full  se-ale-.  the-se  rerterrs  alser  e-xhibit  large-  elif- 
ferences  in  tip  Re-ynolels  number,  anel  aerodynamic 
perferrmance  elifference-s  would  be  expecteel  as  a  re¬ 
sult.  For  example,  at  an  aelviine-e  ratio  erf  0.30  (aberut 
130  knots  forwarel  spe-e-ei).  the  fulbse-ale-  Re-ynerlds 
numbers  at  the  retreating  blade  tip  would  be  about 
1.4  X  10*’  anei  5.5  x  10*’  for  the  alte-rnate  rotor  anel 
baseline  rerterr,  re-spe-ctive-ly.  The  e-ffe-cts  erf  Re-ynerlels 
number  werulel  be  expecteel  to  be  le-ss,  herwever,  in 
the  highe-r  range-  erf  Reynolels  numbers  afforeleel  by 
the  full-scale  elime-nsierns. 

Rotor  cruise  efficiency.  Rerterr  cruise-  e-ffie  iene  y 
in  terms  erf  (LID),  was  cale-iilateel  ferr  the-  twer  rerterrs 
using  elata  erbtaineel  eluring  rerterr  lift  variatierns  at  ft  = 
0.15.  0.20.  iinel  0.30  (hg.  18).  .At  e-ae-li  spe-e-el.  a  ealue- 
erf  ev.s  was  use-el  that  repre-.senteel  a  trim  [rrerpulsiee- 
ferre-e-  e-epial  ter  a  full-scale  flat-plate  elrag  are-a  erf  aberut 
34  ft".  The-  e-quation  use-el  in  the-  ealculation  was 
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A  measureel  value  of  the  rotor  hub  elrag  cere-fficient 
(0.0001253)  was  subtracteel  from  the  rotor  elrag  term. 
The-  lift,  elrag.  and  torqtje  values  were  elcrive-ei  from 
the-  rotor  balance  elata.  For  examjrle.  at  Cy/cry 
=  0.07.  the  alternate  rotor  inelicated  improveme-nts 
in  (L/D),  of  9.3  percent  and  10.4  pe-rcent  at  /e 
0.15  anel  0.20.  respectively  (fig.  18).  .At  p  =  0.30 
anel  at  the  same  Cyjrry,  howe-ver.  the  alternate 
rerterr  inelicateel  a  0.3-percent  disadvantage  in  (L/D), . 
The  ele-cline  in  performance  at  /e  =  0.30  follows  the 
aforementioned  trend  (fig.  17(c)).  where  the  alternate 
rerterr  elisplayed  a  2.5-pcrcent  elisadvantage  in  Cqlrry 
reciuircel.  Also,  the  same  reasons  for  the  decline  in 
performance  offered  in  the  previous  eliscussion  apply 
in  this  case.  Re-sults  obtaine-el  at  the  ASTD  on  a 
rerterr  ele-signe-el  for  a  moelern  utility  helicerpter  with 
similar  blade  elesign  technique-s  (3  ter  1  tip  taper) 
but  without  the  pitfalls  erf  A'r,,  through  the  use 
of  Fre-on  12  as  a  test  meelium  in  the  wind  tunnel 
indicate-d  significant  performance  imprervements  \ip 
ter  //  =  0.37  anel  Cy  =  0.0107  (ref.  21). 

The  ferrwarel-flight  rotor  perferrmance  trends  all 
point  ter  large  imprervements  ferr  the  alternate  rerterr 
(up  ter  10  pe-rce-nt)  erver  the  spe-eel  range  inve-stigateel 
e-xcept  at  the  /e  =  0.30  conelition.  where  a  small 
eleficiene-y  occurs  ferr  the  alternate  rotor.  Data  at 
full-scale  Re-ynerlels  number  values  are  lu-e-ele-el  ter  get 
a  more  ae-curate  indicatiern  erf  re-lative  perferrmane'e 
betwf-en  these  kinel  erf  rerterrs  at  the  higli-spe-e-el.  high- 
lift  e-ernelitierns. 
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Comparison  of  Model  Data  With  Flieht 

Data 

Comparison  of  wiiul-Iumu'l  model  data  to  fii<;ht 
data  is  ot  interest  as  another  vay  to  inrrease  eon- 
fidc'iiee  in  mod('l  results.  Hover  and  forward-speed 
pertormaiK'e  results  for  the  l)as('line  rotor  arc'  com¬ 
pared  with  Hight  data  takt'ii  on  the  fnll-seale  AH-()-l 
helicopter  in  tiy;ures  1!)  and  20,  rc'speetivt'ly.  Flif^ht 
data  used  in  the  comparison  wc'H'  obtained  from 
reterenee  22. 

Hover.  Hovvv  ont-of-sroimd-c'ffeet  data  are  jrlot- 
ted  as  \'ehiel('  torcpie  eoeffieient  vc'rsns  thrust  eoeffi- 
eic'iit  o\-er  a  ran^c'  of  thrust  coc'ffirients  from  0. 00,^0 
to  O.OOiS,'}  (fij;.  10).  The'  modi'!  sn})pli('d  data  for  thi' 
rotor  only,  and  eorreetions  were  tlu'ii  applied  for  thi' 
power  eonsnmption  of  auxiliary’  h\’dranhe  and  eli'ctri- 
eal  d('\  iees.  j^carhoxes.  tail  rotor,  and  fus('laf><'  down- 
loail.  I'he  formula  used  to  eorreet  the  modi'l  data 
lor  these  items  was  snpplii'd  1)\'  the  aircraft  mann- 
taetnrer.  1  he  fnselase  dowidoad  eorreetion  was  mi'a- 
siired  durimt,  tliis  iin'estigatioti.  atid  thesi'  I'ahies  have 
bei'ii  included  in  the  eorreetion.  The  eorri'cti'd  modi'l 
data  are  in  y;ood  agreement  with  the  Hi‘>'ht  data,  al- 
thon'th  till'  model  hover  performanee  data  had  ;d)out 
2  to  I  ])ereent  hi,<;;her  thrust  for  a  gi\-en  torciue  eoefil- 
eieiit  over  the  range  ti'sted.  This  result  is  contrary  to 
t  he  experience  of  past  invest  igiit  ions  (refs.  1.  15.  and 
17i.  whieli  have  shown  that  model  rotor  performanee 
results  are  pessimistic.  That  is.  performanee  is  bet- 
ti'r  with  full-scale  aircraft  than  with  models.  Low 
Reynolds  numbi'r  effect.-;  a.ssoeiated  witli  models  have 
been  identified  as  one  of  the  primary  factors  res])on- 
sible  for  the  reduced  performance.  The  reason  for  the 
opposite  trend  in  the  [tresent  investigation  is  proba¬ 
bly  the  correction  to  the  model  rotor-alone  data  to 
account  for  losses  in  tail-rotor  power  and  subsystem 
jjower.  .Mso.  i  lie  model  m;iy  have  experietieed  bene¬ 
ficial  ground  effects  from  the  presence  of  the  fuselage 
and  possible  tunnel  test-section  recirculation. 

Forivard  flight,  riie  forward-flight  iterforimmee 
results  for  the  baseline  rotor  are  compared  with  Higlit 
data  and  i)lotted  as  vehicle  torque  coefficietit  versus 
forward  s[)eed  for  a  full-scale  vehicle  gross  weight 
of  11  fit)?  lb.  a  fiat-plate  drag  areti  /  of  T5.8  ft“. 
and  Sf.S  atmosiiherie  conditions  in  figure  20.  The 
model-to-flight  correlation  was  generally  quite  good 
(within  usual  flight-test  accuracy  of  5  percent)  and 
provided  additioiial  eonfidenee  in  the  model  results. 
The  technique  for  correcting  the  model  data  for  losses 
in  tail-rotor  power  and  transmission  ])ower  was  taken 
from  figure  5  of  reference  1!). 

C’oiicltisioiis 

I’erformanee  of  a  27-pereent.  dynamically  scaled 
model  of  an  alternate  rotor  di'signed  for  the 


.'\H-()1  Apache  attack  lielicopter  mi.ssion  was  iUi'a- 
sured  in  hover  and  at  forward  speeds  between  50  and 
150  knots.  A  biuseline  rotor,  modeled  after  the 
enrrent  AH-()4  rotor,  was  also  investigated  to  pro¬ 
vide  comparisons.  The  puriroses  of  the  investigation 
were  to  validati'  procedures  used  at  the  Aerostruc- 
t tires  Directorate  (ASTD)  to  design  rotors  with  in¬ 
creased  performance  potential  and  jirovide  a  data- 
ba.se  against  which  to  evaluate  current  and  futnie 
rotor  systems.  The  predicted  performance  improve¬ 
ment  for  the  alternate  blade  design  was  to  provide 
about  a  7-percent  improvement  in  power  required  in 
hover  and  a  2-  to  9-percent  improvement  in  power 
reqnired  in  forward  flight  over  those  required  for  the 
baseline.  Fu.selage  download  and  ground  effects  in 
hover  were  akso  investigated.  Model  and  flight  data 
were  compared.  Ba.sed  on  analyses  of  data  obtained 
during  this  investigation,  the  following  I'onclnsions 
are  drawn; 

1.  In  hover,  at  a  thrust  coefficient  Cj  of  0.0064. 
the  calcnlated  design  goal  of  a  7-percent  improve¬ 
ment  in  power  required  (alternate  rotor  versus  base¬ 
line  rotor)  was  nearly  met.  Specifically,  the  ini- 
provenient  in  torque  coefficient  Cq  was  5.7  percent. 
6.2  percent.  5.1  percent,  and  3.7  percent  at  a  Cj-  — 
0.0050.  0.0060.  0.0070.  and  0.0073.  respectively.  At 
C'j  —  0.0064.  which  corresponds  to  a  full-scale  air¬ 
craft  weight  of  14  667  lb  at  sea-level-standard  (SLS) 
atniospherie  conditions,  an  increase  in  thrust  capa¬ 
bility  of  4.5  percent  was  realized  for  the  alternate 
rotor.  This  increase  in  thrust  cajiability  represents 
an  increase  in  lift  capability  of  about  660  lb  at  that 
vehicle  weight . 

2.  In  forward  flight,  the  reduction  in  rotor  torque 
coefficient  Cq/it/-  for  the  alternate  rotor  was  nomi¬ 
nally  6  to  8  percent  and  5  to  9  percent  at  advance 
ratios  //  of  0.15  and  0.20.  respectively,  for  the  range 
of  C/Ja-j-  and  Cp/a-i-  inve.stigateri.  At  //  =  0.30. 
the  alternate  rotor  tiad  a  disadvantage  in  Cq/ctj  of 
1.5  to  2.5  percent  over  the  range  of  rotor  lift  coef¬ 
ficient  C'l  /aj  and  rotor  drag  coefficient  Cq/oj  in¬ 
vestigated.  The  calculated  design  goal  of  a  2-percent 
performance  advantage  at  /t  =  0.30  for  tlie  alternate 
rotor  compared  with  the  ftaseline  was  not  met.  The 
calculated  performance  advantage  for  the  alternate 
rotor  was  met  or  exceeded  for  the  //  =  0.15  and  0.20 

CrUses. 

3.  Till'  reduced  performance  gains  for  the  alter¬ 
nate  rotor  at  fiigh  Cj  in  liover  and  at  an  advanced 
ratio  of  0.30  are  proltably  the  result  of  Reynolds  mim- 
l)er  effects  and  to  differences  in  tilade  elastic  proper¬ 
ties.  partietdarly  in  the  tapered  tip  region.  These  ef¬ 
fects  are  pre.sent  at  full  scale.  t)ut  would  be  expected 
to  1)0  less  at  the  higher  Reynolds  number  range  af¬ 
forded  at  full  .scale. 
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1.  At  a  hover  oiit-of-groiind-etiV'ct  eoiiditioii  with 
C'l  -  O.OOti  h  the  fuselage  download  for  the  alter¬ 
nate  rotor  was  higher  by  al)t)nt  0.5  percent  of  the 
rotor  thrust;  this  differenct'  \v;vs  probably  caused  by 
increased  inboard  lotiditig  desigiu'd  itito  the  alternate 
rotor  through  the  nse  of  higher  twist  aiul  longer 
inboard  chord.  When  tlu'  increase  in  download  is 
subtracted  from  the  thrnst  gain  for  the  alternate 
rotor,  the  net  pt-rfortnanct'  gain  is  nalnced  slightly 
frotn  4.5  pc'rctmt  to  4.0  percimt  at  C-y  =  O.OOOl. 

5.  Operating  at  reduced  rotor  tip  Mach  nntnbers 
=  0.58  and  0.51  compart'd  with  d/tip  “  0.04) 
reduced  the  hovt'r  performanct'  advantagt'  for  tin' 
alternate  rt»tor  in  terms  t)f  Hgvire  of  merit  at  Cj  — 
0.0004  from  0.4  percent  at  -l/op  =  0.04  to  2.8  perct'iit 
at  .\/tip  =0.51.  Tlu' rt'dnct'd  performance  increments 
are  not  completely  nndt'rsttrod.  bat  the  elfect  of 
Heynolds  mtmla'r  is  probably  ont'  .)f  th('  factors. 

fi.  Iti  hovt'f  with  ('itlu'f  rottjr.  the  fuselage  vertical 
force  changed  from  a  dowidoad  at  rotor  height  to 
rotor  diamt'tt'r  ratios  H/d  betwet'n  0.5  and  1.4  to 
a  Inselage  upload  iit  H/d  between  0.43  and  0.5. 
Iti  filet,  ajiproxitnately  one-half  thi'  total  ground- 
cnshioti  betielit  frotn  the  tnodel  came  from  fuselage 
uiiloiid. 

7.  The  ground  had  virtually  the  satne  I'fiect  on 
hover  performatice  for  the  two  rotors  at  0.43  < 
H:d  <  1.4. 

\.\S.\  Lmiglev  Hesearrh  f’l'iiter 
Hain|)toii.  \‘.\  24fifi.'i-.V22.1 
MiiV  ft.  lUftll 
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Figure  7.  Rotor  blade  weight  as  a  function  of  blade  radial  station. 


Figure  8.  Analytical  prediction  of  performance  improvement  of  alternate  rotor  compared  with 
SLS  atmospheric  conditions;  /  —  33.8  ft^;  Cj  =  0.0064. 
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F  igure  9.  Rotor  torque  eof'ffieieiit  versus  thrust  coefficient  for  baseline  and  alternate  rotors  in  hover 
at  =  0.64  and  H/d  —  1.4. 


Figure  10.  Rotor  figure  of  merit  versus  thrust  coefficient  for  baseline  and  alternate  rotors  in  hover  at  Mtjp  =  0.6 


and  H/d  =  1.4. 
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Figure  11.  Rotor  torque  coefficient  versus  thrust  coefficient  for  baseline  and  alternate  rotors  in  hover  at 
A/tip  =  0.58  and  H/d  =  1.4. 


Figure  13.  Rotor  torque  coefficient  versus  rotor  thrust  coefficient  for  baseline  and  alternate  r  'tors  in  hover  at 
A/jlp  =  0.51  and  H/d  =  1.4. 


Figure  14.  Rotor  figure  of  merit  versus  rotor  thrust  coefficient  for  baseline  and  alternate  rotors  in  hover  at 
Mtin  =  0.51  and  H/d  =  1.4. 
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Figure  15.  Fuselage  download  versus  rotor  thrust  for  baseline  and  alternate  rotors  in  hover  at  A/tjp  =  0.64  and 
H/d=  1.4. 
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Figure  16.  Effect  of  ground  proximity  on  rotor  thrust  coefficient  for  baseline  and  alternate  roto?s  in  hover  at 
A/, ip  =  0.64  and  Cq  =  0.00048. 
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(b)  /x  =  0.20. 

Figure  17.  Rotor  drag  coefficient  versus  rotor  torque  coefficient  at  three  values  of  rotor  lift  for  baseline  and 
alternate  rotors  in  forward  flight. 


Figure  19.  Comparison  of  baseline  AH-64  model  rotor  performance  with  flight-test  results  in  hover.  Mtip  =  0.64; 
hover  OGE. 
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Figure  20.  Comparison  of  baseline  AH-64  model  performance  with  flight-test  results  in  forward  flight. 
Cj-  —  0.0064;  /  =  33.8  ft^;  SLS  atmospheric  conditions. 
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